A series of carbon-based nickel (Ni) catalysts was prepared in order to investigate the effect of the preparation method on the dispersion of Ni and its final catalytic activity in the dry reforming of methane, i.e. CH 4 + CO 2 =2H 2 +2CO. Three parameters were studied: (i) the influence of the surface chemistry of the carbon used as support; (ii) the method of drying (conventional vs. microwave drying); and, (iii) the temperature of the reduction stage. In order to study the role of the surface chemistry of the commercial activated carbon used as support, the active carbon was tested as received and oxidized.
activated carbon was employed as received (labeled as FY5) and oxidized (labeled as FY5ox). The commercial activated carbon was oxidized by dipping it in a saturated solution of (NH 4 )S 2 O 8 in H 2 SO 4 2 M, in a proportion of 1 g of activated carbon per 10 mL of solution. The mixture was maintained under stirring for 17 h and, after this period of time, the oxidized carbon was filtered and washed with hot distilled water until the filtrate became neutral and then it was dried.
Impregnation of the support
FY5 and FY5ox were impregnated using an aqueous solution of Ni (NO 3 ) 2 ·6H 2 O. The concentration of the solution was such that the final catalyst would have a Ni content of 5 wt.%. The carbon supports were dipped into the solution in a proportion of 1 g of carbon to 5 mL of solution. The mixtures were then treated in an ultrasound bath for 7 h. After impregnation, the FY5 and FY5ox samples were labelled FY5Ni and FY5oxNi, respectively.
Drying of the catalyst
The samples were dried after the impregnating stage by using conventional or microwave heating. Thus, some impregnated samples were dried overnight in a conventional oven at 100 °C (labeled by adding E). Other samples were dried by means of microwave irradiation. The microwave devices used are described elsewhere [12, 13] .
The sample was heated up to 100 °C and maintained at this temperature for 12min.
These samples were labeled adding MW.
Reduction of the catalyst
The catalysts were reduced in a horizontal oven, under H 2 atmosphere (flow rate of 50 mL min−1) at two different temperatures: 300 and 500 °C (these samples were labeled by adding 300 and 500, respectively). The temperature was increased from room temperature to the pre-set operating value at a heating rate of 10 °C min −1 , and held for FY5Ni-E-300 None Electric oven 300
FY5oxNi-E-300 Oxidation Electric oven 300
FY5oxNi-E-500 Oxidation Electric oven 500
FY5Ni-MW-300 None Microwave oven 300
FY5oxNi-MW-300 Oxidation Microwave oven 300
FY5oxNi-MW-500 Oxidation Microwave oven 500
Catalyst characterization
Textural characterization was carried out by CO 2 adsorption-desorption isotherms at 0 °C and N 2 adsorption-desorption isotherms at −196 °C in a pressure range of 0-1 bar, in a Micromeritics Tristar 3000 instrument. The Dubinin-Raduskevich (DR) method [14] was applied to the N 2 and CO 2 adsorption isotherms, whereas the BET method was used for the N 2 adsorption isotherms [15] .
The Ni particle size was evaluated by X-ray diffraction and Scherrer's equation [16] .
The X-ray diffractograms were collected by a Bruker D8 Advance diffractometer equipped with a Göbel mirror and a Cu Kα radiation tube (λ=0.15406 nm).
For the temperature-programmed reduction experiments (TPR), the samples were heated up to 400 °C at a heating rate of 5 °C min −1 in a stream containing 10% H 2 in Ar at a flow rate of 50 cm 3 min −1 . The sample was held at this temperature for 2 h. Once the sample had cooled down to room temperature, the gas was changed to pure argon in order to perform the temperature programmed-desorption (TPD) experiments. In the TPD tests, the amount of H 2 desorbed was evaluated by a mass spectrometer that analyzed the gases evolved when the sample was heated up to 800 °C at a rate of 15 °C min −1 . 
Dry reforming experiments
The dry reforming experiments were carried out in a quartz reactor charged with the catalysts under study and heated in a cylindrical and vertical electric furnace up to 800 °C. The temperature was measured by placing a thermocouple inside the catalyst bed.
The composition of the gas mixture fed into the system was 50% CH 4 -50% CO 2 and the total volumetric hourly space velocity (VHSV) was 0.32 L g −1 h −1 . Before the reactant gases were introduced, the system was flushed with a nitrogen flow rate of 60 mL min −1 for 20 min and then heated up to the operating temperature (800 °C) under this inert atmosphere. The reaction was carried out for 150 min. The outflow gas was collected in Tedlar® sample bags and analyzed in a Varian CP-3800 gas-chromatograph equipped with a TCD detector and two columns connected in series. The conversions of methane and carbon dioxide were calculated by means of Eqs. (1) and (2), respectively: (2) where (CH 4 ) out , (H 2 ) out , (CO 2 ) out and (CO) out are the methane, hydrogen, carbon dioxide and carbon monoxide concentrations in the effluent gas (vol.%), as determined by gas chromatography. Table 2 ). In relation to the textural properties of the carbon-based Ni catalyst, no significant differences can be observed among the samples dried by different methods or reduced under different temperatures, which indicates that neither of these variables has any relevant influence on the final textural properties of the prepared catalysts. Also worthy of mention is the increase in the S BET and pore volume observed for Ni catalysts obtained when using a non-oxidized activated carbon as support. The increase in the porosity of these samples could be due to the removal of adsorbed species from the carbon surface during the reduction treatment [18] . In the case of the Ni catalysts which were prepared over oxidized activated carbon, the same effect may have taken place.
Results and discussion

Catalyst characterization
However, the increase in porosity could have been partially compensated by a decrease in this parameter due to the blockage caused by the larger Ni particles present in these samples. show that a temperature of 300 °C is enough to reduce the Ni supported on the carbons studied. Higher reduction temperatures could produce the decomposition of some surface functional groups on the carbon support, promoting simultaneously the diffusion and sintering of the reduced Ni particles. It is this reason that at 500 °C large particle sizes are obtained. In contrast, the samples reduced at 300 °C present much lower particle sizes (i.e. 23-50 Å). In other words, in order to achieve an acceptable Ni dispersion, the reduction temperature needs to be adjusted. The influence of the surface chemistry of the carbon support and the drying method used on the preparation of the Ni catalyst was also studied for the samples obtained at the reduction temperature of 300 °C. It was observed that, independently of the surface chemistry of the carbon support, the use of microwave drying produces Ni catalysts with smaller particle sizes, compared to the samples dried by conventional drying. This means that microwave drying favours the dispersion of Ni particles over the carbon support. In addition, the time required to complete the drying stage is an important parameter which must be taken into account. The use of microwave oven greatly reduces the time required for this step (from several hours to approximately 15min). As for the effect of surface chemistry, this variable was observed to have only a slight influence on the Ni particle size. In general, the Ni catalysts prepared with the oxidized support have larger Ni particle sizes. However, it should be noted that the influence of this variable seems to depend on the method used for the drying step. Thus, if microwave drying is used, the influence of the surface chemistry is not as pronounced as when conventional drying is employed. In fact, FY5Ni-MW-300 and FY5oxNi-MW-300 have similar particle sizes (i.e. 28 and 30 Å, respectively), whereas the samples dried using conventional drying show a wider range of particle sizes (i.e. 36 and 52 Å, for samples FY5Ni-E-300 and FY5oxNi-E-300, respectively). Therefore, microwave heating not only diminishes the Ni particle sizes and the time of preparation, compared to conventional heating, but it also reduces the effect of the surface chemistry on the Ni particle size. Fig. 3 shows the H2 temperature-programmed desorption profiles, between 50 and 800 °C, of the carbon-based Ni catalysts reduced at 300 °C. In the case of FY5 and FY5ox, no desorption peaks can be observed (not shown). However, the Ni catalysts obtained using the non-oxidized activated carbon as support (i.e. FY5Ni-E-300 and FY5Ni-MW-300) present two different peaks, the first one at low temperature, at around 80 °C for both catalysts, and the second one at around 410 °C. According to previous works [19, 20] , the first peak corresponds to hydrogen adsorbed onto the Ni which does not interact with the support. The second peak can be assigned to hydrogen that has been more thoroughly adsorbed, probably due to the presence of the spillover effect [21] , as a result of aNi/support interaction. Thus, it can be assumed that the higher the temperature of this peak, the greater the interaction between the nickel and the support. The Ni catalysts prepared using oxidized activated carbon as support (i.e. FY5oxNi-E-300 and 
Catalytic activity
The catalytic properties of the samples studied were tested for the dry reforming reaction of CH 4 . Ni catalysts supported on non-oxidized carbon and reduced at 300 °C show the best performance for dry reforming (see Fig. 4 ). In spite of the advantages of using microwave to prepare the carbon-based Ni catalysts, the catalytic activity of the catalyst dried in this device is very similar to that of the catalyst prepared using conventional heating (Fig. 4.c and d, respectively) . Interestingly, no significant difference in catalyst performance was observed when the reduction temperature was changed from 300 to 500 °C (see Fig. 4e and f), although the particle sizes differ greatly. This may be due to the sintering of Ni particles which takes place at the operating temperature of dry reforming (800 °C), with the result that the final Ni particle sizes in both catalysts become similar. Therefore, although the reduction temperature needs to be adjusted to obtain an acceptable Ni dispersion, as explained above, this parameter could be considered irrelevant for the specific application of catalytic dry reforming reaction. Moreover, much lower conversions are attained when oxidized carbon is used as support instead of the as-received carbon. In fact, experiments carried out over FY5 and FY5ox (see Fig. 4a and b, respectively) demonstrated that the presence of oxygen surface groups reduced their catalytic activity dramatically. Thus, after 150 min, CH 4 conversion is 50% with FY5 and 30% with FY5ox, whereas CO 2 conversion is 50% and as low as 5%, respectively. It would seem, therefore, that the negative effect of the oxidation of carbon on the conversions of CH 4 and CO 2 is stronger than the positive effect, in terms of interaction between the Ni particles and carbon surface, achieved by using an oxidized support. Thus, conversions over oxidized carbon-based Ni catalysts (i.e., Fig. 4e or f) are higher than conversions achieved with non-impregnated FY5ox, but similar to, or even worse, than those achieved with the original FY5. 
Conclusions
In this work, the influence of the surface chemistry of carbons used as supports, the drying method (i.e. microwave or conventional drying) and the temperature of the reduction stage on the Ni particle size, Ni dispersion and final catalytic activity in the dry reforming reaction of a series of carbon-based nickel catalysts has been studied. It was found that oxidation of the carbon support favours the interaction between Ni particles and carbon surface, and therefore Ni dispersion. Moreover, the reduction temperature also has a great influence on the Ni particle size. The use of microwave drying rather than conventional drying offers significant advantages in the preparation of carbon-supported Ni catalysts: the operating time is greatly reduced, smaller Ni particle sizes are obtained and the influence of the surface chemistry on the Ni particle size is minimised. For the specific application of these catalysts to the dry reforming reaction, neither an improvement in Ni particle size nor Ni dispersion was found to be essential; due to the sintering of Ni particles that takes place at the reaction temperature (800 °C). Other factors can have a more important role on the catalytic activity of Nibased catalysts in this reaction, including the oxidation of the carbon support, which reduces the catalytic properties considerably.
